We have used a low repetition rate (1 kHz), femtosecond laser amplifier in combination with a spatial light modulator (SLM) to write optical waveguides with controllable cross-section inside a phosphate glass sample. The SLM is used to induce a controllable amount of astigmatism in the beam wavefront while the beam ellipticity is controlled through the propagation distance from the SLM to the focusing optics of the writing setup. The beam astigmatism leads to the formation of two separate diskshaped foci lying in orthogonal planes. Additionally, the ellipticity has the effect of enabling control over the relative peak irradiances of the two foci, making it possible to bring the peak irradiance of one of them below the material transformation threshold. This allows producing a single waveguide with controllable cross-section. Numerical simulations of the irradiance distribution at the focal region under different beam shaping conditions are compared to in situ obtained experimental plasma emission images and structures produced inside the glass, leading to a very satisfactory agreement. Finally, guiding structures with controllable crosssection are successfully produced in the phosphate glass using this approach. 
Introduction
Non-linear processing of dielectrics with ultrashort laser pulses has enabled the production of a variety of functional elements in microfluidics and integrated optics, including microchannels, optical waveguides, amplifiers, and lasers [1] [2] [3] . The transversal cross-section of the written structures is a key parameter for the performance of the fabricated devices. Its control is conditioned, among other parameters, by the repetition rate of the writing laser. In the high repetition rate regime (f ≥100 kHz) [4] , material modification is affected by heat accumulation and later diffusion, favoring the production of structures with a circularly symmetric crosssection. In the low frequency regime (typically f ≈1 kHz), the absence of cumulative heat effects, the characteristics of Gaussian beam propagation and the presence of spherical aberration effects, lead to structures with a cross-section that is elongated along the beam propagation axis [5, 6] . This problem can be partially overcome by the use of elliptical beams, generated using either cylindrical telescopes [7] or slits [8] . The focal volume can then be shaped as a thin disk, and translating the sample transversally to the focal disk yields structures with circular cross section. However, these approaches offer a limited flexibility for handling processing conditions influenced by severe aberration effects. This is the case in materials with a large index of refraction (e.g. heavy metal oxide glasses [9] ) or when using focusing optics with high numerical apertures beyond a certain processing depth, where spherical aberration has a substantial effect on the focal volume geometry [5] . This can be particularly relevant when the irradiation conditions (writing direction and depth) are dynamically modified during the writing process (e.g. production of 3D structures).
The use of spatial light modulators (SLMs), either deformable mirrors or liquid crystal based, provides in turn a flexible and energy-efficient alternative for shaping the focal volume [10, 11] . Additionally it enables the pre-compensation of optical aberrations, and the use of multiplexing or the self-adaptive writing schemes [12, 13] . Particularly, the work in Ref [11] . uses a deformable mirror to shape the writing beam. The mirror acts as a variable cylindrical mirror, focusing the beam along one axis in order to generate an elliptical beam with an aspect-ratio at the focusing optics similar to that produced by slit-shaping [8] . Still, SLMs are not completely free of constrains, such as the effects of phase wrapping in liquid crystal SLMs or of cross-talk in deformable mirrors.
In this work we have used a liquid-crystal SLM to modify the wavefront of the writing beam in order to control the transversal aspect ratio of structures produced in glass with fs laser pulses. By inducing a given amount of astigmatism in the beam and controlling the propagation distance between the SLM and the writing optics it is feasible to achieve this goal. After focusing, the astigmatic beam leads to the formation of two flat-shaped sagittal and tangential foci. We demonstrate that by correctly setting the propagation distance of the astigmatic beam before focusing, the relative peak irradiances of the two foci can be controlled. We also identify the conditions to efficiently suppress one of them, while using the other to write a single light-guiding structure with controllable cross-section.
Experimental set-up
The experimental set-up used is shown in Fig. 1 . It is based on a Ti:Sapphire chirped pulse amplifier (Spectra-Physics Spitfire), delivering λ = 800 nm laser pulses with a duration τ ≈100 fs, a repetition rate f = 1 kHz, and a maximum pulse energy E = 1 mJ. An optically addressed PAL-SLM (Hamamatsu X8267-14DB, reflectivity at 800 nm, R 800nm ≈ 90% [14] , ) modifies the beam wavefront. The SLM applies a static correction to compensate the initial beam aberrations (wavefront distortion compensated to < 0.12 µm p.v.) and induces a known amount of astigmatism, using the corresponding phase-map. The astigmatic aberration induced in the beam at the SLM surface is characterized by the Zernike coefficient corresponding to the desired aberration [10] as experimentally measured with a HartmannShack wavefront sensor (Imagine Optic HASO 76) after image-relaying the SLM plane to the input plane of the HASO (at very weak irradiance). The aberrated beam is subsequently propagated through a controllable distance (d = 80-170 cm) using a trombone arrangement before being focused inside a glass sample (undoped MM2 phosphate glass from Kigre Inc.) using a microscope objective (20X, numerical aperture NA = 0.4, focal length f = 10 mm, entrance pupil diameter φ = 8 mm). In what follows, the laser pulse energy values quoted correspond to measurements performed right after the focusing objective. Fig. 1 . Experimental set-up used for optical waveguide writing controlling the astigmatism and ellipticity of the irradiation beam with a SLM. It shows an image of the wavefront before the SLM and the phase-maps used to correct the initial aberrations and induce a given amount of astigmatism to the beam. The ellipticity of the beam is controlled by the propagation distance using the trombone arrangement. The value of Z 4 is defined for a circular pupil size of 7 mm (1/e 2 diameter of the incident beam on the SLM). It represents the peak wavefront deformation of the beam. The calculations were performed using the ABCD matrix formalism for the propagation of a Gaussian elliptical astigmatic beam [5, 15] . This code includes the effect of propagation from the SLM surface to the input plane of the focusing optics and diffraction effects at the entrance pupil of the focusing objective [16] due to clipping of the beam when overfilling the pupil. The combined effect of astigmatism and propagation leads to an astigmatic elliptical beam at the entrance pupil of the focusing optics. This is schematically depicted in Fig. 2 . As shown ( Fig. 2(a) ), the focusing optics is overfilled along the x-axis and under-filled along the y-axis (for positive values of Z 4 ). As a consequence of the beam astigmatism, the irradiance distribution in the focal region ( Fig. 2(b) ),shows two disk-shaped foci lying on orthogonal planes (x-z and y-z) and located in front and behind the position of the paraxial focus. We will refer to them from now on as first and second focus respectively. 3(c) shows, the calculated irradiance distribution in the focal region for various values of astigmatism for an objective NA of 0.4, a propagation distance of 80 cm and a focusing depth of 300 µm. As expected, the separation between the two foci increases with the amount of aberration, while at the same time the aspect ratio R = ∆z/∆y (ratio of the focus dimensions along the z and y axis) decreases. The same figure (Fig. 3(d)-3(f) ) also shows experimental plasma emission images corresponding to the same NA, propagation distance, and beam astigmatism values. The images were obtained with a transverse microscopy setup [17] after focusing the beam under static conditions inside a phosphate glass sample. In order to avoid both cumulative damage and non-linear propagation effects, the energy of the excitation pulses was maintained at 0.3 µJ while the beam was focused at a processing depth of z = 300 µm. The plasma images also show a three-lobe irradiance distribution, most likely caused by phase wrapping effects at the SLM. This happens when the required wavefront distortion is beyond the maximum continuous phase shift achievable by our SLM (4.2 radians), therefore making it necessary to use a wrapped phase-map distribution. The plot in Fig. 4 (a) displays experimental and calculated values for the separation distance between the first and second focus as a function of astigmatism (Z 4 ) using the same parameters as in Fig. 3 . The experimental data were obtained from plasma emission images (see Fig. 3(d)-3(f) ). The error bars shown are associated to the fact that, in absence of nonlinear propagation effects, each focus has a Gaussian irradiance distribution. Accordingly we have estimated the error in the foci separation to be of the order of the Rayleigh range of the beams (≈10 µm). The agreement between simulated and experimental data is very good, showing a linear scaling. The aspect ratio of the second focus (R zy = ∆z/∆y using the axis defined in Fig. 2 ) as a function of astigmatism is plotted in Fig. 4(b) . In this case, the error bars included relate (among other factors) to the uncertainty in the determination of the aspect ratio of the plasma emission images caused by phase wrapping effects. We estimate the error in the measurement of the aspect ratio to be around 15%. In the figure, we also observe a very good agreement between model and experiment, showing that R zy can be controlled, from R zy > 6 to R zy ≈1 for 0 ≤ Z 4 ≤ 1.2 µm A comparison with the parameters used in Ref [11] would have been interesting; unfortunately, the authors do not provide values of the applied wavefront deformation. Moreover, their approach to beam shaping modifies the beam along a single axis, whereas our approach (using astigmatism) allows control of the beam over both x and y-axis. In addition, the use of astigmatism gives a more reliable set of parameters ensuring the reproducibility of the obtained results.
Effect of astigmatism

Effect of propagation distance
Modeling also enables us to assess in detail the effect of the propagation distance on the beam irradiance at the focal region. The induced astigmatism has the effect of changing the ellipticity of the beam as it propagates. For a given value of Z 4 the beam will become more elliptical with an increasing propagation distance. For our experimental set-up geometry (see Fig. 1 ), the propagated beam will be stretched along the horizontal direction (x-axis) and compressed along the vertical direction (y-axis), affecting the effective numerical aperture of the focusing optics along each direction and thus the irradiance of each astigmatic focus. The results can be seen in Fig. 5(a)-5(d) , showing the calculated y-z and x-z cross-sections of the beam irradiance distribution in the focal region, for parameters similar to those used in Fig.  3 (c) (Z 4 = 1.4 µm) but for propagation distances d = 0.1 m (Fig. 5(a)-5(b) ) and d = 1.73 m (Fig. 5(c)-5(d) ). Because of the combined effect of astigmatism and ellipticity, the relative peak irradiance ratio between the first and second focus changes with the propagation distance. A plot of the calculated irradiance profiles along the z-axis for the same astigmatism value, and the two indicated propagation distances (d = 0.1 and d = 1.73 m) is shown in Fig. 5(e) . It is clear, that for the astigmatic elliptical beam with longer propagation distance (d = 1.73 m), the peak irradiance at the first focus is approximately a factor of two smaller than the one corresponding to the second focus, while for an astigmatic beam with little ellipticity (d = 0.1 m, short propagation distance) both foci show the same peak irradiance. Adjusting d allows us to smoothly control the relative irradiance ratio between the two foci. Consequently, by setting the peak irradiance at the first focus (I 1 , in Fig. 5(e) ) below the transformation threshold, it is then possible to modify the material only at the second one (I 2 , in Fig. 5(e) ). Figure 6 (a)-6(b) shows optical microscopy cross-section images of two structures written with the same astigmatism value Z 4 = 1.2 µm, propagation distance d = 1.73 cm, depth z = 300 µm, NA = 0.4 and scanning speed v = 100 µm/s for two different pulse energies E = 3 µJ and E = 1.2 µJ. In Fig. 6(a) there are two structures corresponding to both astigmatic foci due to the irradiance at both being above the modification threshold for the material. In order to leave the first focus below threshold and suppress it, we lowered the energy to 1.2 µJ. The image in Fig. 6(b) shows a single structure at the position corresponding to the second focus as predicted by our numerical calculations. Finally, we have used the approach described in this work to write a guiding structure inside a phosphate glass sample. the image show a lobular structure, similar to those of the plasma images in Fig. 3 . However, a near-field image of the guided mode at λ = 633 nm shown in Fig. 7 (b) presents a single guided mode with a desired symmetric shape (aspect ratio R = 1). Furthermore, the dark regions to both sides of the bright ones are most likely zones where the refractive index of the material has decreased. This hypothesis is consistent with the observation that the confinement of the mode in the guiding image of Fig. 7 (b) appears stronger along the horizontal axis, where the dark regions in Fig. 7(a) lie. 
Conclusion
In conclusion, structures with controllable transversal cross-section have been written in a phosphate glass sample using astigmatic elliptical beams produced by a SLM. The aspect ratio is controlled by the value of induced astigmatism, producing two structures corresponding to each of the foci of the astigmatic beam. Adjusting the propagation distance between the SLM and the focusing objective, allows control over the ellipticity of the astigmatic beam, which translates into different relative peak irradiances between both foci. This allows us to use a propagation distance such that only the second one is above the transformation threshold of the material, completely suppressing the structure created with the first focus.
